We describe and characterize a setup for subrecoil stimulated Raman spectroscopy of cold cesium atoms. We study in particular the performances of a method designed to active control and stabilization of the magnetic fields across a cold-atom cloud inside a small vacuum cell. The performance of the setup is monitored by copropagative-beam stimulated Raman spectroscopy of a cold cesium sample. The root mean-square value of the residual magnetic field is 300 µG, with a compensation bandwidth of 500 Hz. The shape of the observed spectra is theoretically interpreted and compares very well to numerically generated spectra.
I. INTRODUCTION
Stimulated Raman spectroscopy has become in recent years one of the most useful and powerful tools for laser manipulation of cold atoms. Raman stimulated transitions have been used, for example, in subrecoil laser cooling [1] ; for the preparation of Bloch states in a stationary wave [2] ; to perform "sideband" cooling of trapped atoms [3] ; and in subrecoilprecision measurement of atomic velocity distributions in quantum chaos experiments [4] . This powerful technique is however plagued by its sensitivity to stray magnetic fields that should imperatively be compensated for. In the present paper, we describe a setup used in the above mentioned quantum chaos experiment for subrecoil-precision measurements of velocity distributions of cold atoms, with a special emphasis in a method for reducing stray magnetic fields to a sub-milligauss level by active compensation .
All experiments reported below were done with cesium atoms, widely used in the present context, but most conclusions drawn in the present paper can be applied to other atomic species. Cesium recoil velocity v r (i.e. the velocity acquired by an atom emitting or absorbing a single photon) corresponding to the usual D2 line near 852 nm is 3.5 mm/s. The Doppler shift associated with a stimulated Raman transition at such a velocity is 8.4 kHz.
Let us briefly review some relevant features of the Raman stimulated spectroscopy. In the present context, Raman stimulated transitions ( Fig. 1) are two-photon transitions connecting one hyperfine sublevel of the ground state to the other one by the absorption of a single photon in one Raman beam of frequency ω 1 and wavenumber k 1 and by stimulated emission of a photon in the other beam (frequency ω 2 and wavenumber k 2 ) via a virtual excited level.
The Raman process is resonant if the frequency difference of the two Raman beams and the ground-state hyperfine interval (ω hf ≈ 2π× 9.2 GHz for cesium) are equal, and the Raman detuning for zero magnetic field, low laser intensity and zero-velocity atoms is defined as
We suppose that the Raman beams are either parallel or antiparallel. In what follows we shall neglect |k 1 | − |k 2 | ≈ |ω 1 − ω 2 |/c compared to ω 1 /c or ω 2 /c, and take k ≡ ω 1 /c ≈ ω 2 /c.
If the Raman beams are counterpropagating (i. e. k 1 ≈ −k 2 ), the detuning seen by an atom of velocity v is δ R + 2k(v + v r ), and the atomic velocity sensitivity of the transition will be maximum and so is the momentum exchange between the Raman beams and the atom. This last property provides a way to perform subrecoil cooling [1] . On the other hand, if the two Raman beams have the same propagation direction (i. e. k 1 ≈ k 2 ) the Raman detuning is almost insensitive to the atomic velocity. As sensitivity to magnetic fields and to light-shifts is preserved, co-propagating Raman spectroscopy is very useful for the calibration of the apparatus.
Since the life time of the F = 4 sublevel is very long (several thousand years in the absence of collisions), the width of the Raman stimulated transitions will be, in principle, limited by of the excited level. The spontaneous emission rate is thus reduced by about 9 orders of magnitude with respect to the resonance. This is true in the limit of a narrow laser line; we have however noticed that power diode lasers present a large spectral background about 40 dB below the peak intensity that limits the reduction of the spontaneous emission rate.
The optical part of our Raman setup has been described in detail elsewhere [5] . Briefly, the Raman frequencies are generated by direct current modulation at 4.6 GHz of a diode laser. The current modulation generates two optical sidebands separated by 9.2 GHz that are used to perform injection-lock of two independent power diode lasers. We obtain in this way two 150 mW laser beams with the required frequency separation and with a beat-note width below 1 Hz. The Raman beams then pass through three acousto-optical modulators acting as optical switches that control the interaction time and allow shifting from the co-to the counter-propagating beam configuration. Finally, the resulting beams are transported by monomode, polarization maintaining, optical fibers to the region of interaction with the atomic cloud.
II. ACTIVE COMPENSATION OF THE MAGNETIC FIELD
The ground state of cesium splits into two hyperfine sublevels F = 3 and F = 4 separated by 9.2 GHz (the cesium-clock frequency). The linear Zeeman split for these states is of the form Z F Bm F , where B is the magnetic field, m F the azimuthal quantum number and Z F the Zeeman coefficient (around 350 kHz/G in modulus) (Fig. 2 ). An atom in the F = 4
hyperfine sublevel undergoing a 6 mG magnetic field (2 % of the Earth's mean magnetic field) will experience a Zeeman broadening equal to the recoil velocity Doppler-shift. Thus, in order to perform atomic velocity manipulation with subrecoil resolution, stray magnetic fields should be reduced to the mG level or below. Usually, this is done by shielding the experimental zone with a double "mu-metal" sheet providing a high degree of isolation against magnetic fields. However, the shield reduces the optical access to the experiment and, as mu-metal is difficult to tool, it also tends to forbid further evolution of the setup.
Furthermore, the magnetic gradient of a magneto-optical trap magnetizes the shield on the scale of a day can lead, leading to a slow magnetic field drift. It is thus interesting to perform an acceptable field reduction without any "physical" shield. In general the local magnetic field across the experiment is a sum of several components: DC earth field; DC stray fields, e. g. from an ion-pump permanent magnet; AC components from the line (50 Hz or 60 Hz) and its harmonics; etc. This means that the magnetic field configuration is greatly dependent on the particular setup one wants to protect, and that a DC magnetic field compensation alone is insufficient.
To overcome most of those problems, the method we describe here is to perform a realtime compensation of the magnetic field in the three directions with, for each direction, DC and AC compensations. In order to do so, we use the fact that the sum of the magnetic fields at the eight corners of a cube gives eight times the magnetic field at the center of this cube. This result is independent of the gradient of the field, and the first non-vanishing correction is of second order in the magnetic field [6] In practice, we placed twenty-four magneto-resistive probes at the eight corners of the vacuum cell, three at each corner oriented according to the three orthogonal directions (see µG, corresponding to a reduction of one order of magnitude, and the bandwidth is better than 500 Hz. We took care of aligning the probes axes with the axes of the compensation coils to better than five degrees, and we never saw any instabilities due to the coupling among the three directions with the three servo-loops acting simultaneously. With this setup, canning the DC magnetic field component along one direction (by scanning the respective DC current) does not affect the stability of the compensation along the other directions, even in presence of unavoidable stray couplings among directions, which are correctly compensated by the device.
A good way of testing the effectiveness our setup is to perform co-propagating Raman spectroscopy. We have seen in Sec. I that such a configuration is almost insensitive to the atomic velocity, and it allows easy diagnostic of perturbing effects like residual stray magnetic fields and light-shifts. To do so, we programmed our experiment to execute the following time sequence: The magneto-optical (MOT) trap is loaded; the MOT gradient of magnetic field is shut down and a "Sisyphus" sequence is applied for further cooling. Twenty millisecond after cutting the MOT gradient, the magneto-resistive probes are reset. Reseting must be done before the probes can perform measurements once they have been submitted 
As we are dealing with weak magnetic fields, the second term in the brackets is in general we have observed a linewidth of 600 Hz which correspond to a velocity resolution better than v r /10 and thus to a field residual amplitude of 300 µG. To achieve this last value, we added a gradient-compensating coil pair in anti-Helmholtz configuration, that generates a 10 mG/cm gradient to eliminate residual MOT-gradient magnetic fields.
Reducing the DC field leads to a collapsed, Zeeman-compensated spectrum, with a FWHM of about 4 kHz (see Fig. 6 ). In principle, one would expect the width of the collapsed spectrum to be just slightly greater than the widest line of the split spectrum.
Explaining this "unexpected" broadening is the purpose of the next section.
With the performances described above, we easily achieved a velocity-measurement resolution of v r /2. As an example, Fig. 7 present a measurement of the velocity distribution of the cesium atoms. The FWHM is 82 kHz, corresponding to a temperature of 3.3 µK which is typical of "Sisyphus-boosted" MOTs. This proves the ability of the setup to perform subrecoil spectroscopy.
Concluding this section, we can say that this setup displays a sufficient resolution to be used in most Raman stimulated spectroscopy experiments. Furthermore, there is hardly any reduction of the optical access to the vacuum cell. Let us however mention that the setup presents a serious limitation in the everyday use. We observed that the HMC2003
probes have a slow time-drift, with a time constant of roughly one hour. This implies that the DC component of the magnetic field compensation has to be readjusted regularly. We accounted for this effect by a software procedure restoring a fixed value of the magnetic field (as measured by the probes), for instance each hour. We also tested the possibility of replacing the magneto-resistive probes by small coils and use the induction signal to generate an AC error signal. This technique apparently presents no detectable drift.
III. STUDY OF THE SPECTRA
The relative intensity of the Raman transitions depends on the Raman amplitude connecting the respective Zeeman sublevels, which is proportional to the product of the dipole Lowering the intensity of the Raman beams produces thinner linewidths, but the over-all signal also decreases, specially when performing counter-propagating (velocity-sensitive)
Raman spectroscopy. The intensity used in our quantum chaos experiment [4] and in the curves shown in the present paper is 20 mW for each Raman beam of waist 4 mm. The typical value of the broadening associated with the light-shift fluctuations is 3.5 kHz.
The last broadening effect is the finite duration of the Raman pulses. We worked with
Raman pulses ranging from 1 to 3 ms for which the associated broadening (around 0. 2 kHz) is negligible.
Numerically calculated spectra have been generated by a Monte-Carlo technique. A particular value for the magnetic field is generated by adding a DC component B 0 making an angle θ 0 with k and a perturbation∆B, whose amplitude is picked from a gaussian distribution of zero mean, root-mean-square amplitude ∆B 0 , and of random orientation.
Note that ∆B 0 is formed by two contributions: the stray local fields (independent of B 0 ) and the fluctuations of B 0 itself, which we assume to be proportional to B 0 (due e. g. to fluctuations of the current delivered by the supplies).
In the same way, a value for the intensity of each Raman beam is picked from a gaussian distribution of mean intensity I 0 and root-mean-square variation ∆I 0 . The position and the amplitude of each line is then calculated, and a particular spectrum generated using the "natural" linewidth given by the inverse of the pulse duration. Typically 1000 of such randomized spectra are averaged to produce the spectra shown in Figs. 4 and 6.
As expected, the best collapsed spectrum is obtained for a non-zero value of the DC field. Fig. 9 shows that this forms fits rather well the numerical simulation. Unfortunately, we cannot directly compared this result to experimental data as we do not have an independent measurement of the mean magnetic field across the atomic cloud.
Interestingly, one also finds that the minimum width does not correspond to θ = 0 (perfect alignment of the magnetic field and the Raman beam wavevector) but to a small angle θ 0 = 0.1 rad. For such an angle, light-shifts are slightly different for each Zeeman sublevel, and so are the Zeeman shifts. We attribute the minimum to a partial compensation of the two effects. However, this misaligned configuration tends to produce slightly asymmetric spectra.
Concluding this section, we can say that we have provided a convincingly interpretation of the physical mechanisms governing the width of the Raman lines. The interpretation has been tested by comparing numerically generated spectra to the experimental results, which allowed us to quantify the performances of our setup. Moreover, this interpretation furnishes some interesting hints for the minimization of the width of the collapsed spectra. Another interesting hint is to polarize the atoms in one of the extreme (|m| = F ) Zeeman sublevels by optical pumping. This shall sensibly reduce the broadening due to fluctuations of the light-shift. Based on the measurements we have done in the split spectrum configuration, we expect in this case a collapsed linewidth of the order of 1 kHz.
IV. CONCLUSION
We presented in this paper an experimental setup for subrecoil stimulated Raman spec- 
APPENDIX A: LIGHT-SHIFTS AND TRANSITION RATE COEFFICIENTS
The geometry and definitions used in this appendix are those of Fig. 8 , explained in the preceding section. We choose the quantization axis parallel to the magnetic field and decompose the polarizations of the Raman beams in irreducible components (noted ǫ − , ǫ 0 , ǫ + ) with respect to that axis [7] ǫ 1− = − cos ϕ cos θ + i sin ϕ √ 2 ǫ 10 = cos ϕ sin θ
and the components of the polarization vector ǫ 2 of the second beam are obtained by chang-
The light-shift of the sublevel (F, m) induced by the beam labeled i (i = 1, 2) is proportional to
where q is the electron charge, E i the electric field associated to the i Raman beam, p = 
is the optical detuning. For simplicity, we will consider that the optical detuning is high enough so that the above value can be considered to be independent of the sublevel (practically, this means that the optical detuning must be much larger than 250 MHz). Applying the Wigner-Eckart theorem, one can reduce the above equation to the more useful form:
where the symbol into brackets is the reduced matrix element of r, the symbol into braces a "6j" symbol and the symbol into parenthesis a "3j" [8] . The total light-shift L(F, m) affecting the sublevel (F, m) is thus obtained by adding the contributions due to each Raman beam.
Let us now consider the Raman transition amplitude (F 1 , m 1 ) → (F 2 , m 2 ), which is proportional to
that can be transformed into: 2 1 , 
